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ABSTRACT

The entralning-parcel model of the rise and expansion of the nuclear
cloud is revised to allow for (1) production of turbulent kinetic energy
from kinetic energy of rise during the momentum-conserving, inelastic-
collision entrainment, so that total kinetic energy is conserved in en-
trainment. This production of turbulent energy is in addition to that
due to eddy viscosity; (2) dissipation of turbulent energy to hest.

The resulting nuclear-cloud model is represented as an energy
cycle between enthalpy and energy of rise, turbulent energy, and poten-
tial energy.

Calculations of toroidal circulation and perticle motion in the
nuclear cloud are discussed, using the cloud model and turbulent similarity
theory. If the toroidal circulation is to be represented by a vertex
ring superimposed on the parcel-model cloud, the vortex ring can be con-
gidered the largest eddy in the turbulent spectrum, containing a fixed
fraction of the turbulent energy. This givee an estimate of the circu~
lation without recourse to, but in general agreement with, estimates
based on measurements of nuclear cloud films. Alternately, circulatlon
may be calculated by an adaptation of Kelvin's theorem. This method
assumes neither a particular vortex form nor steady-state flow, and is
therefore more consistent with actual cloud conditions.

Attempts have been made to calculate the effect of toroidal circu-
lation on particle dispersion from the cloud using leminar flow methods.
Here, this dispersion is, instead, represented as due to turbulent dif-
fusion, using the calculated dissipation rate as the governing parameter.
Diffusion coefficlents and concentration gradients are derived from tur-
bulent similarity theory. The resulting dispersion rate is shown to be
small compared with that due to gravitational fallout rate indicating
that dispersion induced by circulation or turbulence can be ignored.

—~




SUMMARY PAGE

The Problem

A vortex ring or so-called toroidal circulation is often observed
in the intensely turbulent cloud rising from & nuclear explosion. Par-°
ticles of different sizes in this nuclear cloud may follow the circula-
tory motion of the fluid to different extents, and some of them mey be
centrifuged out of the cloud. The circulation, then, affects the dis-
persion of particles from the cloud and the distribution of radioactive
fallout in the air and on the ground.

Calculation of the fluid motion and the particle trajectories by
classical hydrodynamic methods presents both theoretical and computational
difficulties, due largely to the turbulent character of the flow in and
around the cloud. Calculations of cloud motion can be considerably
gimplified by using a parcel method, which gives average values of cloud
velocity, size &nd other vaviables as functions of time. An entraining-
parcel cloud mcdel has previously been developed at this laboratory.

The objectives of the present work were:

(1) to revise the cloud model to take into account dissipation
of turbulent energy to heat, and conservation of kinetic plus turbulent
energy in entreainment.

(2) to discues attempts to calculate toroidal circulation in the
nuclear cloud and its effects on particle dispersion.

(3) to investigate aliernate methods of modeling non-gravitational
particle dispersion, using turbulence theory.

Findings

(1) In the revised cloud model, total energy is conserved. The
model implies a nuclear cloud energy cycle.

(2) If toroidal circul tion is to le represented by a classical
vortex ring superimposed on a parcel-model cloud, then the vortex para-
meters may be estimated from the cloud model consistent with turbulenc
theory. The calculated values of circulation are in general agreement
with the few, scattered values based on measuvrements of nuclear cloud
films. Alternately, the rate of change of circulation may be calculated
by a free adaptation of Kelvin's theorem, and the rate integrated to
give circulation. This method does not require assuming a particular
vortex structure and steady-state flow. It is therefore more consistent
with physical conditions in the nuclear cloud.

(3) Non-gravitational dispersion of particles can be repreaented
as due to turbulent diffusion instead of laminar vortex flow. Using
turbulent diffusion coefficients derived from small-scale-turbulence
theory, and the turbulent energy dissipation rate given by the cloud
model, it is shown that turbulent~diffusive dispersion of particles
is unimportant compared to gravitational fallout.
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L. INTRODUCTION

1.1 Background

One of the striking features of nuclear explosions is the vortex
ring and/or "toroidal circulation" in the rising, intensely turbulent
nuclear clou. Jt has been suggested that particles of different sizes
in the cloud follow the motion ouf the fluid circulation to different
extents, so that the circulation influences the dispersion of particles
from the cloud (by & sort of centrifuging process) and thus the distribue
tion of radioactive fallout in the air and on the ground. Calculaticn
of the fluid motion and of the particle trajectories by classical hydro-
dynamic methods presents both theoretical and ccmp\.t.ta.tiona.l difficulties,
not yet overcome. These difficulties arise lergzly from the turhulent
character of the flow in and around the cloud.

1.2 Objectives

The purposes of this report are

l. To present a revision of a previously publiahedl ent.caining-
parcel model of the atomic cloud, allowing, as before, for transfer of
kinetic energy of cloud rise to turbulence by eddy-viscosity, and also
for

(a) additional tranafer of kinetic energy of rise to turbulence
by the inelastic-collision, momentum—-conserving entrainment process, so
that total @nergy is conserved

(b) transfer of energy from turbulence to heat.

2.“’.1'0 discuss the energy cycle of the atomic cloud which is im-
plicit in this model,

3. To discuss attempts to superimpose a classical vortex motion on
a parcel-method-cloud, and to show how such attempts can at least be made
consistent with the energy balance of the cloud, and how cloud circula-
tion can be estimated without use of the superimposed vortex.



L, To show how the particle-dispersive effect atiributed to fluid
circulation can be represented as due to turbulent diffusion consistent
with the parcel method, and to estimate the relative iuportance of dif-
fusive and gravitational dispersion of particles from the cloud.

1.3 Approach

The principal tool used in the present study 1s the revised entraining-
parcel model of the nuclear cloud. This model was originally developed
for water-surface bursts, but is also applicable to air bursts, since,
in both cases, the mass fraction of condensed matter is small., The
model can further be applied to land-surface bursts provided the mass
and size distribution of condensed matter at start of cloud rise are
specified.

The present development of the original mec- 1l s largely inspired
by tuv bulence theory, especially by the concept of ine energy cascade
and the theory of locel similarity, or similar’ty of srall eddies.Z
Therefore, the relevant parts of’ turbulence theory are reviewed in this

report. (Sec. 3)




2, MODELS OF THE NUCLEAR CLOUD
2.1 The Formation of the Nuclear Cloud

In a nuclear evplosion, typically, from 1 KT to 10 MT of energy
(lol2 to 1016 calories) is released in less than 1 microsecond (p sec.)
in a space 1 meter in dicmeter,

Since the energy release per unit mess is thousands of times that
of a chemical explosion, the reaulting "fireball" consisting of vaporized
bomb materials is initially at a temperature on the order of 107!( instead
of 3000 - 5000 K as for a chemical explosicn, and a pressure of several
million atmospheres,

The total energy, W, of a nuclear explosion in the air, near sea
level, is partitioned thu5:3

5% = initial nuclear radiation (radiation during the first
minute after the explosion)

10% = residual nuclear radiation (radiation after the first
minute after the explosion)

50% = blast and/or shock

35% = thermal radiation

A1l of thie energy is eventually degraded to heat,

The djameter of the fireball increases by radiative and shock
heating of the surrounding air, while the pressure in the fireball drops
by expansicn and radiative cooling. Within a few seconds (about 1
gecond for W = 20 KT) pressure hus dropped 0 one atmosphere and temper-
ature has dropped to about 3000 to 4500 K. The fireball then starts
rising and can be called the nuclear cloud.

At start of cloud rise, the fireball contains about % of the total
energy of the explosion. This % value need not be the same as the
35% thermal energy nentioned above, since scme of che % is shock
heating and same of the 35% was rediated beyond the fireball.

The fraction, f, of the total energy contained in the fireball at
start of rise, fW, increases slightly with yleld but the subsequent cloud
history 18 not sensitive to variations in assumed initial clowd energy,
™, Teylorucalculn,ted f > % as the basis of shock heating plus adiabatic

DL P TIED




expansion to atmocpheric pressure, and suggested that the effects of
neglecting both energy loss by radiation and the increased specific
heat of air at high temperature tend to cancel each other,

The maximum radius of the fireball before it starts to rise and
becomes the atomic cloul is proportional3 to w2/ 5. The exponent 2/5
is close to 1/3 and the fireball size is approximately as if 1/3 of the
total explosion energy were used to heat air at constant pressure to
3000K, The calculated fireball volume (and thus radius) at start of
rise is nearly independent of assumed fireball temperature,

(Proof: using the perfect gas law, and the equality of cloud and
ambient pressure

P= PRT = p_RT ; fW = mcp ('r-'re) so that

m R __fWT LR
P

=P =P T (I-T) " ¢
p cp( o) P

Here the subscript e denotes initial environment conditions, p is pres-
sure, p is dcnaity, R is the universal ges constant, T is temperature,
V is cloud volume, m is cloud mass, and cp is specific heat at consetant
pressure. )

At start of rise, the cloud may contain some refractory particulate
matter; more and larger particles form in the rising, cooling cloud by
condensation anl coggulation. The dispersion of these particles from
the cloud may be affected by conditions inside the cloud, including vor-
tex flow or turbulence. The following section oconsiders calculation of
such conditions; i.e. cloud models.

2.2 Cloud Calculations

Calculations of the behavior of the nuclearcloud have been made by
a number of investigatcrs using different approaches, often patterned
after studies of cumlus clcouds or of the rise of hot gases from fires
and factory chimneys.
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Possible models of cloud behavior can be divided into those using
(1) local methods and (2) parcel methods.

2.2.1 Local Methods

In a "local" method, the flow conditions in the cloud and surrounding
atmosphere are described by a set of partial differential equations
(Navier-Stokes equations) giving local values of velocity, temperature,
etc., as functions of time. For numerical computation, the partial
differential equations are replaced by a set of ordinary differential
equations at each point of a grid or mesh of points covering the flow
region. Some beginnings using this treatment have been made5’6 for
developing cumulus clouds, making the assumption that temperature diff-
erences between cloud and atmosphere are small relative to absoclute
temperature, and using an eddy viscosity in the Navier-Stokes equations.
The values of veloclity, etc., computed represent time averages, not the
instantaneous values which are subject to turbulent fluctuations.

Eddy-viscosity is needed in the equations used for computation
because molecular viscosity (ordinary viscosity) operates to convert
the energy of only the smallest eddies of a turbulent flow into heat.
It can be shown (see for instance, Section 3.1.5) that the ratio of the
gsize of the smallest eddies, xo, to the overall flow dimensions, l, for

one-dimensional flow, is

A
o Re-3/h

where Re is ithe Reynolds number of the flow, Such a flow could be
piletured as containing a row of.l/xo such eddies, (on which are super-
3/h

imposed larger eddies) and so having Re degrees of freedom. Then
the mesh for a two-dimensional calculation must have Re3/2 points, 89
that nmumerical computation is out of the question when Re is large. The
ediy viscosity is uced to blur together small eddies, and thus reduce
the number of degrees of freedom of the flow problem, and the required

number of mesh roints, to where numerical computation is possible.

Fetmae
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No local-method computation has yet been carried out for nuclear
clouds, Even for cumulus clouds, the original two-dimensional array of
mesh points {in an axisymmetric finite-difference calculation) is rapidly
distorted. For nuclear clouds, this distortion would be accompanied by
extreme temperature gradients, 80 that heat conduction could not be
neglected., Presumably, ar eddy conductivity would be required as well
as eddy viscosity. Altogether, one is inclined to question the use of
eddy transport coefficients to calculate mean local conuitions at the
extremely high Reynolds numbers (»vlolo) of these intensely turbulent
flows. In any case, the attempt has not yet been made,

2.2.2 TFarcel Methods

In a parcel method, the cloud is treated as a whole, as if all
parts of it had the same properties. Temperature, velocity, etc.,, are
represented by average values for the whole cloud. Pressure is taken as
equal to ambient pressure at the altitude of the center of the cloud.
Thus a parcel method is a simple, cheap substitute for a local methoad.
But it is far more amenable to numerical computation. And with a few
enlightened assumptions, a parcel method can give a wide variely of
information, including an estimate of particle dispersion by toroidal

circulation, represented es *urbulent diffusion. See Sec. 5.

2.3 The TR-T4l Atomic Cloud Model, Revised

An atomic cloud medel, using an entraining parcel method has been
developed at this Laboratoryl. This model, (referred to as the TR-7Ll
model) was particularly designed for sea-water-surface nuclear explosions,
The model treats the cloud gas as a mixture of air and water va.or and
allows for the release of latent heat by water-vapor condensation. The

key assumptions in this model are:




1. The effective rate of flow of ambient air into the cloud (en-
trainment) per unit surface area is equal to the product of a
constant, A, a characteristic velocity, v, and the ratio of
cloud density to ambient density, p/pe. Some previous cloud
studies have used the same entrainment rule except for omitting
the density ratio.

2. Cloud rise is retarded by both entrainment and an apparent eddy-
viscous force, directly proportional to the same characteristic
velocity and inversely proportional to the density ratio. (This
is formally equivalent to a drag coefficient.)

The kinetic energy of rise corresponding to the momentum lost

W

by eddy viscosity is converted into kinetic energy of turbulence,
which remains in the cloud.

4, The characteristic velocity, v, is the greater of absolute rate
of cloud rise, u, and average velocity of turbulence, ./2E *.
Thus entrainment does not necessarily end when cloud rise ends,
but continues as & turbulent diffusion.

5. In accelerating from rest to its maximum velocity, the cloud
must set in motion a volume of ambient alr equal to one half
the initial cloud volume. Because of this "virtual mass', the
acceleration is always less than twice that of gravity.

No provision was made in this model for transformation of turbulent
energy into heat. Not only does such transformation actually take place,
but also it may affect the formation of fallout particles through the
mechanism of turbulent coa.gulation.7 The rate of this transformation,
the so-called "dissipation rate", €, is found both theoretically and
experimentally to be proportional to the cube of a large-scale turbulent
velocity divided by a large-scale length, l. (see Section 3, Turbulence)
Therefore, we now add one assumption to the cloud model.

6. Turbulent energy is dissipated at a rate proportional to the
cube of the average velocity cf turbulence divided by a char-

¥ The symbol E, was used in TR-T4l for the quantity called E in the

k
present report.



acteristic length. (See Revisions, Appendix A) The average
velocity of turbulence 1s defined as \ﬁilwhere E is the tur-
bulent energy per unit mass. The characteristic length used

is the vertical radius of the cloud.

It was not previously noted that in entrainment of stationary am-

bient air with conservation of momentum, kinetic energy is lost, i.e.,

entrainment is an inelastic-collision process. The proof 's as follows:

The rate of change of cloud momentum per unit mass,

u,

(i.e., velocity) with time, t, due to entrainment, is

B i &)
at =~ "' m 3t

(2.3.1)

“"he corresponding change in kinetic energy per unit mass is

2 2
du _d(u”/2) = - o| 1l dnm

Y3 T T at 2 |mdt

(2.3.2)

Nn the other hand, if total kinetic energy is conserved, then

for a small change in velocity and mass

% =0 - % (m+dm) (u+du)€ and neglecting 2nd-order terms
M_-Eg 1 dm (2.3.3)
T S T -3:3
Entrainment, then, Eesults in a loss of total kinetic erergy, at a
rate, per unit mass, of %-'é %%. The law of conservation of total energy

and the concept of turbulent energy already used suggest the following

assumption:
7. The kinetic energy of rise lost in the inelastic-
collision, momentum~conserving entrainment process,

remaing in the cloud as -turbulent energy.

A simplified version of the essential equations is given below,

neglecting the effects of the 2-gas mixture, latent heat release, initial

virtual mass and condensed-water mass fraction of the cloud.

These effects

are considered in the full set of equations used in computation. (See TR~

741 and Appendix A)

1l dm S
Mass: EE{-—V}\.V
8

\Y

.‘\l

by

.:,.si? \»‘
, L 2 s 4‘.?";?:"

(2.3.4)




where

where

—

where

where

The term

m = mass
t = time
S = cloud surface area
V = cloud volume
A = dimensionlegs entrainment constant
v = characteristic velocity of entrainment

\
Momentum: 52 - (2- - l) 8 - e ey
— dt 'I‘e / Te m dt

u = rate of rise

T = cloud temperature

T = environment temperature

g = acceleration of gravity

k,= dimensionless drag or eddy viscosity constant
I = a characteristic length of the cloud

a9 g T o (pr)ldm, e
Temperature: = —Fu (T Te)mdt+c
p e p
cp = gpecific heat of air
Turbulent kinetic energy density:
dE T v 2 u2 1 dm 1l dm
@ =T *T moae Pz w®

E = turbulent energy per unit mass

2

B
2 mdt

(2.3.5)

(2.3.6)

(2.3.7)

L dn compensates for the loss of kinetic energy of rise |

in entrainment (assumption 7). Thus, some turbulent energy is produced

even in the absence of eddy viscosity, i.e. even if k2 = 0.

Environment temperature, Te’ is a specified function of height, =z,

which is

given by

u =

a'n
N

(2.3.8)




Dissipation rete is given by

¢ - k, (28)%/%/ (2.3.9)

where k. is a dimensionless constant,

3

Cloud form is a sphere (initially tangent to sea level, say, in the
case of a surface burst) until the top (not the center, as in TR-741)
reaches the tropopause, and is & horizontally expanding spheroid thereafter.
The vertical radius of the spheroid is fixed as the sphere's radius at
the tropopause. The cioud volume and surface area can then be calculated
from the perfect gas law using the assumption of pressure equilibrium,

The model actuslly uses & differential equation for volume, so that the
gas law is available as a cross-check.

The characteristic length, f, is taken as the (verticel) radius of
the cloud. 'The characteristic velocity, v, is taken as max (|u|,\J§E).

The equations have been programmed for machine computation, and the
computations give predictions for rate of rise, cloud size, final cloud
height and the late horizontal expansion of high-yield clouds, in general
agreement with observations of nuclear clouds. Late horizontal expansion
had not previously been predicted by a cloud model. Detailed revisions
to the TR-T4l cloud model are given in Appendix A. Appendix F gives the
corresponding revised computer program. Tables 2.1 and 2.2 are sample
computer output for the same input parameters as Tables 3.1 and 3.2 of
TR-741 respectively, except for the dimensionless parameters A, k,.,and
k

’
3° A modified tropical atmosphere8 was again used. The two tabies are
for a high yield (5 MT) and low yield (20 KT) explosion, respectively.

Appendix E gives a glossary of printout symbols. All quantities are in
mks units except explosion energy, W, which is in kilotons. For values
cf physical constants and initial conditions used in numerical solution
ot the cloud equations, see Appendix C of TR-Thl. For a discussion of

appropriate values of the dimensionless parameters A\, k. and k

o 3 see

Appendix D.
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2.4 The Energy Cycle of the Nuclear Cloud

If the momentum equation (2.3.5) is multiplied by u, the temperature
equation (2.3.6) by c, and ‘he height equation {2.3.8) by g, then with
the turbulent-energy equa.ion (2.3.7), they formn a set of four energy

equations whose terms have the indicated meanings.

Kinetic energy, KE ‘
du2 2
at
loss to PE ~ddy-viscous inelastic-col- dilution
gain i.e.work done loss to 1lisicn loss to by
from H 1lifting cloud gurbulence turbulence entrainment
2 2
T vT 2 u 1l dm u 1 dm
=T e e "oy T @ ® “FTas MY
e e
Entia oot loss gain from TE dilution
to i.e. dissipation, by
KE viscous heating entraimment
3/2
ar - @ R (2E} 1l dm
pd dt T T * Ky 7 -, (T-T) 2 & (2.k.2)

Turbulent energy, TE

gain from gain Trom IE by dissipation  dilution by

KE by inelasgtic-~collision
eddy viscosity entrainment loss to/H entralnment
2 3/2
dE _ vT 2 u 1ldm (2E) 1ldm
E‘m‘elT“ T n® ks 7 B & (2-43)
e
Potential energy, PE
gain from
KE
d
g 5= = au (2.b.4)

dt
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2
Kinetic energy here means energy of directed motion of the cloud, u /2,
turbulent energy, E, is actually kinetic energy of randomly moving lumps
of fluid within the cloud. See Sec. 3.1.1. Adding the four equations

gives an equation for total energy per unit mass

2 2
& (/e c P+ E+ gz) = - S (/2 + e (T-T,) + B)  (2.4.5)

The dimensionless constants k2 and k3 do not appear in the total energy
equation; they only affect the rate of transfer between different forms
of energy-.

The present cloud model, then, is based on conservation of mass
and energy. The equations for velocity (or momentum or kinetic energy),
temperature (or enthalpy), turbulent energy and height can be considered
merely rules for energy transformation, These rules imply an energy
cycle which may be diagrammed as follows. The heavier arrows indicate

the usual direction of transfer (wher T>T, and w=0)

Kinetic

/ Energy

Potential 2l
(Gravitational) Turbulent
Energy

Energy /
Enthalpy

The energy flew through turbulence ie always in the seme direction;
this part of the cycle is intrinsically irrevergible. The novelty in
this model is the use of turbulence as a "delay line" between kinetic
energy of rise and heat. Although momentum is lost by drag or eddy

viscosity, kinetic energy is not lost but rather transformed.




Because of entrainment, the cloud cannot be treated as a closed
system, with constant total energy per unit mass, except under special
atmospheric conditions. To examine change in total cloud energy (not
per unit mass) all mass should be referred to the same datum, even though
the mass was entrained at different altitudes and temperatures (at
different potential energies and enthalpies). As a datum, we use sea
level, z = O, with the corresponding ambient temperature, '1‘e = Teo'

Multiplying Eq. (2.4.5) by m and rearranging terms, the rate of

change of total energy relative to this datum is

eo| p

(2.4.6)

%E [m(u2/2 + cp(T—Teo) + E + gz)] = %% [(Te + gz/cp)-T c

Now Te + gz/cp is the pctential temperature of the atmosphere at altitude
z, (the temperature air at the given altitude would have if compressed
adiabatically to sea-level pressure), so that total cloud energy, referred
to sea level, increases with altitude in proportion to the excess of
potential temperature over sea-level temperature. We can now sketch a
total-energy cycle for the cloud, referred to the sea-level < .tum, (See
Fig. 2.1)

In an adiabatic atmosphere (one in which potential temperature does
not vary with altitude), we have

T, =Ty - gz/cp

50 that, substituting in Eq. (2.k4.6),

dt

i.e., total energy, referred to sea level, is constant.

aa [m(u2/2 + E + cp(T—Teo) + gz)] =0 (2.4.7
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3. TURBULEMCE IN THE NUCLEAR CLOUD H

3.1 Theoretical Bacxground

Turbulent motion of a fluid hes by definition a fluctuating, random
nature in time and space. This nature has suggested Fourier analysis
o! velocity components (and other fluctuating properties) into a spectrum
of motions of various length scales, or "eddy sizes". We shall be con-

cerned mostly with small eddies.*

3.1.1 The Energy Cascade

The kinetic energy of & large-scale, intensely turbulent flow ais
supposed to be transmiiied from the over-all flow to the largest eddies
(turbulent motions) and through a cascade of successively smaller eddies*
to an approximate minimum eddy size, and finally, to be dissipated by
viscosity to heat (moleculer motions). This idea dates back at least to
L. F. Richardson, c¢.1920, The cascade picture suggests that eddies
sufficiently far along the cascade may be independent of large-scale
flow conditions, and leads to the equilibrium hypothesis. (See next

section)

3.1.2 The Equilibrium Eypothesis

During the transfer cf energy to smaller and smaller eddiex, the
direction of motion becomes random and the concentration of energy in
particular eddy sizes (wave lengtns) is smo.thed out by transfer to
neighbnring sizes. Informaticn on eddy orientation is lost during
energy transmission, so to speak. Thus, small-scale turbulence is homo-
geneour and isotropic even though the largest eddies (such as the vortex
ring of a nuclear cloud) are not. The motions at different small length
* 'Small eddy' is used. . .as a concise term for a Fourier component

telonging to a small length scale, or large wave number.2

29




scales are similar in the sense that they differ only by scale factors
which e-e independent of large-scale flow conditions. Eddies of these
sizes are said to be in the equilibrium range. This is"Kolmogorov's
hypothesis™#*: “the small scale components of turbulence are approximately
in statistical equilibrium?e Equivalent names for this hypothesis are:
theory of "local similerity", of "universal equiiibrium", or of
"gimilarity of smal) eddies". Kolmogorov's hypothesis applies only to
very high Reynolds-number flows (Re3>lo6) such as a rising nuclear cloud.

While sufiiciently small eddies arc independent of large-scale flow,
all except very small eddies are independeni of fluid viscosity. This
latter independence leads to the principle of Reynolds-number similarity
(Ref. 10, Sec. 5.4):

"Geometrically similar flows are similar at ali sufficiently

nigh Reynolds numbers. The aspects of the motion-that are

excluded from the similarity are quite simply those that occur

et low Reynolds numbers, i.e., those in vhich viscous forces

are comparable with inertial and pressu e forces."

This principle is applied in the cloud model, for instance, in the choice
of characteristic length involved in momentum and energy transfer. This
length is scaled to cloud size, incependent of fluid viscosity. It is
used again in developing a theory of turbulent-diffusive dispersion of
particles from the cloud. (Sec. 5) Note that the principle of F:ynolds-
nunter similarity is a statem:nt about large-scale conditions, while

that of local similarity is a statement about small-scale conditions.

The equilibrium range of the eddy spectrum is independent of over-
all flow dimensions and thus of energy input by large eddies at one end
of the spectrum. Furthermore, for extremely large Reynolds numbersll as
in nuclear cloud turbulence, the larger-eddy part of this equilibrium
range, called the "inertial subarange“g is also independent of viscous

* For translations of Kolmogorov's original papers, see Ref. 9.
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dissipation by the smallest eddies (the "dissipation range") at the
other end of the spectrum. The existerce of the "inertial range" or
"sub-range' is sometimes’ called "Kolmogorov's second hypothesis",
Dimensional analyris, applied to the inertial and dissipation ranges,
predicts the velocity, energy, etc., at each wave length, A, or wave
number, k, (reciprocal of wave length). See Sec, 3.l.3.

For a gquasi-sieady fluld flow, the rate of energy dissipation per
unit mass, €, by the smallest eddies, is equal to the rate of emergy
transmission through the spectrum from the large eddies, (energy-irput)
to the smallest, dissipative eddies., That is, if A is an eddy size
mich smaller than the maximum flow dimensions, and somewhat larger then
the minimum eddy size, xo,. then the rate of energy transmission past
A is equal to €. (The size range of A\ might be about IDA.O( A < /10,
but see Sec. 3.1.4) A quasi-steady fluid flow is one in which the
response time of the energy spectrum at a given small-eddy wave number
is swall compared with the time scale of changes in the overall flow.

The dissipeiion rate, €, is determined by large-scale flow conditioms,
although it i3 the smallest eddies which actually dissipate kinetic
energy to heat. .it this largest scale of tie flow, the Reynolds number
is extremely large and viscosity is of negligible importance. Then,
using dimensionel analysis, € must have the form

e~ uw/f

where u and £ are a large-scale velocity and length, respectively, since
these are the only large-scale quantities out of which a dissipation
rate (power per unit mass, or leng'bha/tim3) cen be formed. Here and
later, the symbal ~ means "proportional to and of the order of megnitude
of". This type of dimensional reasoning, vhich is used later in this
report, is especially popular with Russian suthors (Levich,'3 Landau snd
Lifshitzll‘).

Writing € ~u3/ J~ Ju(u/f )2
it is seen tha: Ju has the dimensions of kinematic viscosity, and u//

1



hag the dimensions of shear. Just as molecular kinematic viscosity is
proportional to the product of molecular speed and mean free path, an
eddy viscosity can be defined:

veory ~ ul

t
Then we can write

€~ Viurd (u/l)2
in analogy to the dissipation rate in laminar viscous flow, whose form

is v(ég) where y 18 a coordinate perpendicular to u.

oY
3.1.3 Small-Scale Turbulience Parameters

The smallest eddy size, Ay the "Kolmogorcv microscale', can depend
only on (molecular) kinematic viscosity and on €, so that again by dimen-
sional a.nalysis,L

o 7 (v3/e )
(The constant of proportionality in these relations is usually of order
unity.) Thus, the microscale is only weakly dependent (to the -3 power)
on diesipation rate. It is typically of order 1 mm in severe atmospheric
storms, where € ~ u3/l~ 103 3 or exceptionally, € ~ lou (See for
instence, Ref. 15). Even if € ~ 10 or 167, as seems possible in a
megaton nuclear cloud, (see Table 2.1) v, is not much less -- say .3 mm

(o]
em”/sec

= 300 u, since at the high temperature and/or low densiiy of nuclear
clouds, the value of v will be greater than at standard temperature and
pressure. (See Sec. 3.2.3). Further predictions of characteristic
quantities in the inertial and dissipation rangcs are readily derived
(as in Refs. 7 and 13) and are listed here (T..ble 3.1).

The most quoted of these predictions concerns the form of the
snergy spectrum in the inertial range. If v, is the veiocity at length

A
scale A\ in this range, then its form must be vy~ (Ex)l/3. The corres-

2 2
ponding kinetic energy per unit mass is ~ N ~ (eXN) /3. Then the energy,
2/3 _
€, in a spectral interval dx is é(x)dx;v-i%%l an = 22/3x l/3dx. In

terms of wave number, k ~ 1/\, this gives "Kolmogorov's lew":
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€(k)dk~K82/3 k"5/3dk

where K is a universal constant. Experimenta.ll6 and thenretica112

estimates indicate the coefficient K is of order unity.

3.1l.4 Approximations to the Energy Spectrum

It has b=en suggestedl2 that for very high Reynolds numbers, the
inertlal energy-distribution renge, i.e., the -5/3 law, cen be extended
over the entire spectrum, from the largest wave lengths, l, to the micro-
scale, Ko.

3.1.5 The Degrees of Freedom of a Turbulent Flow
Associated with any eddy size, A, there is a "spectral Reynolds
number" Rex = EX& .
v

From Table 3.1, substituting & ~u3/[,

Rex~

GENEISY ) T (i

v | 575) TR (f

where Re refers to the overall flow. 38ince for A = xo, Re

4/3
)

U 1, the
3/4

ratio of size of largest to smallest eddies is of order Re” ',

Taking the largest eddies as of nearly the same size as the overall
flow, there are then Re3/h
freedom. In a three-dimensional flow, there are then Re9/l+ independent
eddies, or degrees of freedom. This suggests the problems associated

with numerical computatio: of turbulent flows. (See Sec. 2.2.1).

independent microscale eddies, or degrees of

3.2 Estimates of Nuclear Cloud Turbulence

In this discussion, reference is made to the revised TR-T4l cloud
model for numerical estimates of characteristics of explosion clouds.
(See Tables 2,1 and 2,2 of the present report. They are revised
versions of Tebles 3.1 and 3.2 of Ref. 1, recomputed with the changes
in the model mentioned in Sec. 2 and specified in Appendix A.)
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3.2.1 8cales and Reynolds numbers
As a large-scale cheracteristic length for calculating Reynolds
number we use cloud aiumeter. The size of the largest eddies (such as

the vortex-ring cross section), used as & length scale for energy dis-
sipation rate, £-u3/l, is less than this diameter, but we assume that
£ is & constant fracticn of cloud diameter. For the corresponding
characteristic velocity, u, we use the '"velocity of turbulence", VZE .
In the early part of cloud rise (up to about 60 sec. for 5 MT),
the cloud is much hotter than the environment. Thie leads to different

values for "external" and '"internal' Reynolds numbers.

u/p
Re = e 5 Re : = .‘iﬁ.&
ext “e int [¥3

Here, u and Lare appropriate velocity and length scales. Since, for
a perfect gas

E—’-‘-'?E and E- ~ ?—1/2 then Ri%ﬁ: -T-—3/2
P, T Ko (Te> ’ Reint (Té) )

It is Reintth&t is of interest in cloud turbulence., Although cal-
culated turbulence veloci*ies ar: high -- of the same order a8 rate of
rise -~ the Mach number of turbulence is (even for a 5 MT shot) never
more than 1/3 because of the higher speed of sound in the hot cloud
than in the cold environment. Thus, compressible~flow effects can be

neglected.

3.2,2 The Turbulent Spectrum of the Cloud

Since nuclear-cloud Reynolds numbers are extremely high (for a
5 MT cloud, Refvl(“"O from 30 to 600 sec, after burst) one can cer-
tainly assume homogeneity and isotropy of small eddies. Homogeneity
is also consistent with the "parcel" cloud method. Because of the
liigh Reynolds number we can also, with some confidence, extend the
inertial range to nearly the entire spectrum from the microscale to
almost the largest eddies. (Sec 3.1.4)
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Because the nuclear cloud is not in a steady state, there is dif-
ficulty in defining the dissipation rate, €. The rate of "loss" (dilu-
tion) of energy per unit mass due to entrainment may be larger than
viscous loss (i.e., % %%=-€), and the flux of energy from its source
in the large eddies to the viscous sink is actually neither independent
of time nor of eddy size. Nevertheless, we propose to n=glect any dis-
torting effect of entrainment on the spectrum and estimate turbulence
parameters quasi-statically at each time of interest on the basis of
E and £. That is, we treat the turbulence as "quasi-steady" as defined
in Sec, 2.1.2. This treatment is justified if the characteristic time of
g§,~l 12
dt

change of E, say[%l is much greater than the "local transfer time"

of energy flow through the spectrum, T (k) = kif(ki]'l/e.

There are several possible choices for T 3

(1) tre total derivative (net rate of change) of E. This cannot
be used at some early times, (e.g., near 22 sec. in Table 2.1) where
it is nearly zero because increase of E by generation of turbulence and
decrease by dissipation and entrainment nearly cangel;

(2) the generation rate, 2k, %;i% A ] %r

m dt
3/2
(3) the dissipstion rate, € =k, (eB)77
o - . 1l dE\ -1
The characteristic time IS , calculated using each of these
choices for o , is given in Table 3.2 and compared with the local

dt
transfer time, for the Table 2,1 cloud computation. For the local

transfer time, 7, we use a characteristic time based on similarity
theory (Table 3.1). T = (Eke)-l/3= (K2/s)l/3. This form for T can be
obtained by substituting Kolmogorov's law (Sec 3.1.3) in 1(k) = lk3€(k)]
From Table 3.2, it is evident tha}lfor typical inertial-range wave-
lengths, T is much smaller than [i i

-1/%

5 Eﬁﬂ so that the equilibrium treat-
ment of smali-scale turbulence is justified for the nuclear cloud., We
might say that if the Jocal transfer time is small compared with the
characteristic time, turbulent energy is flowing through the eddy spec-

trum like an incompressible fluid.




’ T1°2 9Tqul :®3uq JO I2mog

Y

=38% @ uotyediss
m.\umm. X T 93wy UOTIwCIeeIQ

0 Nww mm + m: W Mm. qu 87 939y UOTIBVIAU3D :FION
3
g2 1-0TX675 1-OTXE"T 2-0TBZ 0T _omxgtz  OTXT'6 €8 Rl €1 (0T’ T oot
T .TOﬁum.N NnOHNM.m muo.nn._u.._” NOH.NN.H NOon.._. Ho.q..km.m HO.UC..m HOHNw.m NO.US.H modxm.m oetT
oL £-0TXS T 2. OTXEE gOTXTL o™X _0TXR"S LOTEE OTX0°€ 0Tx82 208 ;oﬁmé 09
Todc..m 2-070°8 m.od:..a m.odﬁ.m Hodﬂ.a o0z L'g A (om0 ¢OTX9™M :ods.: s
ot T -t 201 () (@ (=) 30 1wy Mmmumwuv coﬂamwum«ﬂﬁ Sﬁam.w“mo?v
= (W)Y 03 .mAw\mé =1 uo paswq .,no —WI.W.WN“_ meMm.“wuw (o98)
(o28) oswyl X3zsURI] TwI0] (o98) ‘3wl °138TIIOVIVYD Aq uaatl Amuon\mnv % ‘aey auamnaIny, I ‘swtl

Isdnd (DN S) CIIIA-HOIH V ¥Od SWIL HEJISNVEL TvOOT NV IWIL OILLSIYALOVHVHO

2t TIIVL

38

PR e




L, VORTEX MOTION IN THE CLOUD

Pictures of nuclear clouds often show a vortex ring of hot incan-
descent gas within the rising cloud (see for instance, Figure 2.07b of
Ref. 3), and also, even at later times when the gas is no loager incan-
descent, a general toroidal circulation of the cloud boundary. These
phenomena appear more clearly in air bursts than surface blasts. Sur-
face material in and around the cloud may diminish their visibility
or actually interfere with their occurrence, say by mass loading of
the circulating gas. We will generally refer to these phenomena as
"toroidal circulation", restricting "vortex ring" to its classical
hydrodynamic meaning. The reasons for interest in the circulation are
(1) that it may affect cloud rise and expansion and especially (2) its
effect on particle dispersion from the cloud.

Attempts to celculate circulation and dispersion in terms of laminar
vortex flow are con:’'dered in this section. In the next section, we
suggest an alternate ! . oulent-diffusion treatment of dispersion.

To calculate the flow in and around the clouvd from first principles
requires a "local" method (section 2.2) but, as noted, numerical solution
of the equations of fluid motion for the nuclear cloud is not within
the state of the art of machine computation. Is it either possible or
desirable to use any of the classical theory of vortex rings (see Lamb
Chapter VII) to describe tne atomic cloud? The conditions under whigh
the clessical theory was developed--incompressible steady flow, homo-

17,

geneous medium, conservation of vorticity, etc.--are not valid here,
The cloud starts rising from rest and input of turbulent energy (or
generation of vorticity) continues during the entire period of rise.
The streamlines of a vortex ring flow are closed, a condition which
cannot be reconciled with the mass entrainment characteristic of atomic
clouds. The nuclear cloudis better described as a "‘l'.hernra.l"18 (a mass
of heated, buoyant air) than as a vortex ring. Thermals
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"mix with the surroundings as they advance, and

they grow bigger thereby. After a time, therefore,

most of the fluid of which a thermal is composed

was originally motionl:ss in the surroundings and

most of the momentum and vorticity it possesses will

have been generated by the buoyancy forces since its

birth."

"The difference between a vortex ring and a thermal

is that in the former case all the vorticity and

vertical momentum have been supplied by an impulse,...

whereas & thermal is ideally a configuration of

vorticity and momentum produced entirely by the

action of the buoyancy forces, The vorticity anu

vertical momentum produced in the letter manner

increase in proportion to the time for which the

buoyancy has operated, and will therefore ultimately

exceed any impressed urcn the fluid at the beginning.

A vortex ring composed of buoyant fluid will therefore

ultimately become a thermal and the laminar flow will

break down so that mixing with the fluid into which

it is advancing can take pla.tce."]‘8

From the preceding quotation, one might expect that at least early

in cloud rise the vortex-ring treatment could be applicable, This is
also suggested by 'l‘u.rner's19 remark on the rise of buoyant vortex rings,
that early in their rise,

"the ring diameter is increasi..g faster than the ...

material can spread as the result of diffusion."
In our cloud model, this early rise would be the time when rate of cloud
rise exceeds average velocity of turbulence; lu|>\/2_E . (see assumption
4 of the cloud model, Sec, 2.3) But we find by computation (Tables 2.1
and 2.2) that rate of cloud rise is nearly always less than average




velocity of turbulence: l u‘<\/2E except during the first few seconds
of cloud rise, so that in Turner's terms, cloud expansion is necarly
always governed by turbulent diffusion.

4,1 Late Horizontal Cloud Expansion

It has been suggested that classical vortex theory be applied to
the late horizontal expansion of megaton clouds, using the method of
images. The cloud would be represented by a vortex ring approaching
the tropopause from below while an image ring approached from above,
The image ring induces an expansion of the approaching cloud vortex
ring, This is mathematically equivalent to treating the tropopause
as a rigid boundary.

The physical objections to this treatment would be the same as
those to any classicel vortex treatment as given above. Furthermore,
the tropopause is by no means impenetrable, and the height of the
boundary plane would have to be specified as a function of yield and
actual tropopause height,

On the other hand, (Section 2.3, assumption 4) the present model
does predict the late expansion of megaton clouds, in effect as a
turbulent diffusion without invoking a rigid or yield-dependent

tropopause,

4,2 The Pasted Vortex

Atomic cloud vortex models proposed to date consist of an assumed
classical vortex flow superimposed, or'"pasted”, on a parcel wethod
cloud, without regard even to conservation of energy, much less to
whether the resulting "pseudo-local' velocities satisfy the time-
averaged Navier-Stokes equations. Since the streamlines thus drawn
in the cloud are intended to represent average flow directions in
the intensely turbulent cloud, the time of averaging must be long com-
pared with cloud rise. The time of averaging then, should be just
shorter than the periods of the largest eddies, i.ez. of the vortex ring.

L1



Actually, the local velocities can represent only one solution to the

equation of motion, that for steady motion in an infinite homogeneous,
non-viscous, incompressible medium; the vortex, however, is being super-
imposed on radically different conditions.

If the pasted vortex is to be used, it is necessary to specify
first the vortex form and then its numerical parameters. The two ex-
tremes of vortex s'l:.ructurel7 are Eill's spherical vortex, in which the
entire moving spherical fluid body is the vortex, end a thin ring
vortex, which constitutes only a small part of the traveling rluid
volume. The use of Hill's vortex has been suggested for cumulus cloud
elements.2o Observations of nuclear clouds indicate that the thin ring
is more appropriate than the spherical vortex, (and that early in cloud
rise, the ring cross section radius is not more than 1/10 of the cloud
radius).

Given the genersl ring-vortex form, its numerical parameters can
be obtained either empirically or theoretically. The flow is campletely
determined by specifying ring radius, vortex-core cross-sectiou radius,
and circulation (line integral of velocity around a closed circuit
through the ring). If cross-section radius is very small, i.e., a
thin-ring vortex, then local velocities outside the core are completely
determined by rirg radius and circulation. A\lternatively, a number of
lceal values of velocity can be used to determine the vortex parameters
and the flow structure.

4,2,) Vortex Parameters From Cloud Films

In the empirical method, vortex parameters are estimated from
voiuita pictures of atomic clouds. The motion of cumulus-like lobes
or nrojections on the rising cloud is supposed to correspond to the
locil velocities around the vortex ring. This method has been well
described by Norment.el He notes that the theoretical rate of vortex
translation given by vortex psrameters calculated from the observed
local velocities does not generally agree with observed rate of cloud
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rise. Presumably vortex paraneters must be somehow scaled or inter-
polated between yields and times for which films give information.

The shot from which most of the film data has been obtained, shot
Grable of Operation Upshot-Knothole, was an air burst.3 To apply the
resulting calculated vortex vnarameters to faliout particle trajectories,
it must then mrtlier be assumed that the presence in the cloud of con-
siderable amounts of condensed material from a surface burst does not
significantly alter the fluid circulation.

4.,2.2 Specification of Vortex Parameters by the Cloud Model,

The vortex ring is certainly the largest, most permanent eddy in
the turbulent atomic cloud. In fact, the vortex ring might be pictured
as the flywlr.cel maintaining the cascade of energy to smaller eddies in
the turbulent spectrum (see, for instance, Hinze,ll sec. 3.5) even
after the end of cloud rise, when no more energy is supplied to turbu-
lence. This energy supply picture is campatible with the late horizontal
cloud expansion. Now we propose that the transfer of energy from mean
motion to turbulence begins with the generation of the vortex, and that
the vortex ring be allocated a fixed fraction of the total turbulent
energy density E, say 0.2 (Ref. 11) or 0.25 (Ref. 2). This proposal
is suggested by Hinze's statement:ll

"In the fully developed state it is not the largest eddies
that will have the maximum kinetic energy, but the eddies
in a higher-wave number range. The range of the energy
spectrum vhere the eddies make the main contribution

to the total kinetic energy of turbulence will be

called the range of the energy-containing eddies,...
Though the more permanent largest eddies contain much
less energy than the energy-containing eddies, their
energy is by no means negligibly small and may still
amount to as much as 20 per cent of the total kinetic

energy."
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We can now outline a procedure for specifying vortex parameters
using the cloud model. Our three input parameters will be rate
of cloud rise, u, vertical cloud radius, r, and rotational (vortex)

energy, 0.2mE, where m is cloud mass,

The total energy of a thin-ring vortex flow isl7
2
x I 8w
e O /n 2
T = ) (,un = {') ()4.1)
17

Here we use Lamb's™' notation: « is circulation, Eg is the radius
of the vortex ring, a is the cross-section (vortex core) radius.
This energy consists, (we esauie) of kinetic energy of rise of the

cloud, %mug, and rotational energy, O.2mE. Then the enexgy equation

becomes ,‘2;)5— -
%nm2+0.9mE= 2°(£n—a—°_{.) (4.2)
The velocity of translation of the vortex is17
Do ifz P (4.3)
o

The radius of the cloud is related to the r..dius of the vortex
ring by the fact that the stream functionl7 equals zero at the boundary
of the "cloud", that is, at the boundary of the fluid which is carried
along with tlie vortex ring. This relation gives a third equation (Lamb,17
sec. 161, Equation 11) so that «, a, and @, can be found. The algebra
of the solution is involved and only numerical solutions fou: «x, &, and
'ch; can be obtained explicitly, In any case, for a thi.i ring the stream
function can be given in terms of «, w_ and u, without using a, which

(o}
does not affect velocities ouvtside the core.

For purposes of illustration, we taxe a simplified case. Set
?B; = 3/5 r as indicated by Figure 3 of Reference 21. Treat 1 _loud

L i
as spherical, so that P = m/ (g X o ) and drop the second Lerm in paren-

Ll
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thesis in Equations (4.2) and (4.3) since w >>e. Then, dividing the
energy equation (4.2) by the velocity equation (4.3) and su. .ituting
the given values of w and p,

2
‘- 1.85¢ u_Zé_E_O_’c‘_E (4.4)

Ut . near:v the end of cloud rise, u2/2 > 0.2E so that approximately
x = ru (k.5)

This resultl” can be obtained directly by dimensional analysis: if «
depends only on r and u, it muet have the form of Eq. (4.5).

Values of circulation calculated from Eqs. (4.4) and (4.5) for a
20 KT burst (Table 2.2) are rather lower at early times (5 to 10 sec)
than comparable vealues estimated from cloud films.al’ w2
times, eanbient air is several times as dense as the cioud, and circule-

Now, at these

tion is changing raplidly, so that the use of classical vortex theory is
on especially shaky ground, However, it is reasonable that if circula-
tion is due to the drag of the ambient alr on the cloud, it should be
proportional to the density ratio pe/p = T/Te, like the eddy-viscous mo-
mentum loss rate in the momentum equation(2.3.5). An appropriate formula
would then be

x = ru.T/Te (4.6)

No theoretical consistency with Eqs. (4.1) - (4,3) can be cleimed for
Eq. (4.6): the latter is offered &8s an intuitive value for circulation
in a situation where attempts to use fourmulas from classical vortex
theory seem parti~ularly remote from reality.

Teble 4.1 gives values of « calculated from Egqs. (4.4), (4.5), and
(4.6), for several times of interest using Tables 2,1 and 2.2 (for 5 M
and 20 KT bursts, respectively) to supply values of r, u, and T/T e* The
resulting values of « are of the same order of magnitude as those esti-
mated from cloud filmsal’ e assuming a ring vortex form. These values
from films are widely scattered, some being smaller and others larger
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than those in Table 4.1, They are for somewhat different yields and
times than those in the table. Our conclusion is thet if one wishes to
superimpose an assumed vortex ring on a parcel-method cloud model, one
may as well derive vortex parameters irom the model itself as from film
observations, Not oniy is laborious film measurement avoided, but, at
least for Eqs. (L.4) and (4.5), the vortex velocity and energy Are now
compatible with those of the cloud.

4,3 Use of Kelvin's Theorem to Estimate Cloud Circulation

Tiie equations for the classical vortex ring are derived assuming
steady incompressible flow. Under such circumstances, circulation is
constant, hence it is i1llogical to claim that the rate of change of
circulation can be obtained by differentiating Eq. (k.k) or (4.5). An
expression for rate of change of circulation¥* % s can be obtained more

consistently from a consequence of Kelvin's equation,23

L& fvea-fica (4.7)
where v 18 velocity, a is acceleration, and dx is a line element, The
integral 1s taken around a circuit moving with the fluid, 1i.e., con-

sisting of the same fluid particles.
Writing the Euler equation of motion as

= 1
& 2=V
P P

the rate of change of circulation around the circuit 1523

I. -ﬁ ap (4.8}

* The symbol I' iy used here for circulation to conform with Ref, 23,
vhile in Sec. 4,2,2 the symbol « was used to conform wi.. Ref, 17.
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To calculate cloud circulation, we take a rectangular circuit in a

vertical plane through the cloud axis. As indicated in the following
diagram, the circuit extends vertically from below the bottom to above i
the top of the cloud, and horizontally from the axis to well out in the

ambient air, l
= _.?;“l*\_" |
Jllllz Ii i]_ -

4 }

Now dp 1s zero along the horizontal parts of the circuit. Furthermore,
the parts of the upward vertical path outside the cloud are exactly
cancelled by the corresponding parts of the downward path at the same
altitudes so that the only possible non-zero contribution to the line
integral is from *he remaining vertical parts, i.e., between the top
and bottom of the cloud, a distanceM® = 2r. On each of these two
vertical parts, take an average value of specific volume, nanely, l/b
inside and l/pe outside the cloud, and using the hydrostatic law, re-

place dp by -pegdz. On the upward path, the clhange in p is then
-pegAz = -2pegr and similarly on the downward path (pressures inside
and outside being equal} so that
"
ar 2r 2r e
T [- 5 B8+ s oes] = 2rg (o - l) (k.9)

e

Note that the cloud need not be spherical; it is on.y its vertical ex-
tent, 2r, that matters,
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The foregoing derivation maskes no allowance for decrease of circu-
letion due to (1) eddy viscosity or (2) entrainment. Inclusion of these
two effects violates, respectively, the (1) ideal-fluid and (2) closed-
streamline assumptions of Kelvin's theorem. Nevertheless, we offer a
way to allow for these effects on circulation. Swstitute in Eq. (4.7)
the value of acceleration given by the momentum equation (2.3.5) and
integrate around the same circuit as before. The entrainment rate is
taken at zero on the part of the circuit outside the cloud. The resulting
rate of change of circulation 1s

%%:21‘[(%- l)g-(—?-l) 21}2‘! u-i—g—g-u—l (4.10)
The first term in the brackets on the right side of this equation is the
ideal-fluid term, corresponding to Eq. (4.9). The second and third terms

represent the effect of eddy-viscosity and entrainment respectively. In
this heuristic deriwvi.tion, it seems a worse abuse of hydrodynamic then:iy
to introduce entrainment across streamlines than eddy viscosity. Figure
L,1 gives numerical values of circulation from a hand integration of
Eq. 4,10 with and without the entrainment term, using data from Tables
2.1 and 2.2, The integratlion was in l-second steps to 5 sec., then 5=
second steps to 60 sec., and 10-second steps thereafter.

Tt is seen in Fig. 4.1 that circulation attains nearly its maximum
value eariy in cloud rise, at about the time of maximum rate of rise.
The time of rapid increese in circulation can be assoclated with the
formation of a vortex ring from the initial spherical cloud. This pic-
ture is reinforced if the entrainment term is omitted - no entrained
mass cross<s the surface of the initlal cloud even though this surface

is deformed from sphere to toroid.
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No direct experimental confirmation of these thecoretical values
of circulation is available. Film measurements can give only peripheral
velocities, not velocities around the part of the circuit inside the
cloud. To obtain & "measured" circulation,a specific vortex form (the

ring vortex) is uaumedal’ 22 giving & mathematical relation between per-

ipheral velocity and circulation. An indirect confirmation of a good
choice of superimposed vortex would be given by agreement between the

correnponding '"measured” circulation and the theoretical values given
by Eq. (4.10).

L.k Centrifugal Throwout From the Vortex Flow

The effect of "toroidal circulation" in the cloud on particie mo-
tion may be determined by calculating first the fluid moction and then
the particle trajectories through the circulating fluid (provided the
presence of particles does not substantially perturb the flow). For
sufficiently small particles, the flow past the particles can be con-
sidered viscous (Stokes' flow); for larger particles, empirical ex-
pressions for drag force must be used. In both ceses, of course, tur-
bulence is completely neglected if the trajectories are calculated fram
& laminar vortex flow. (Stokes' law in itself is not incompatible with
turbulence, provided we lock only at the motion of a small particle
within an efldy.au’ 7) Even if small particles are centrifugal distribu~
tion effect will be blurred by atmospheric diffusion long before they
reach the ground. It is, therefore, larger particles, say of diameter
of order 1000u, for which toroidal circulation could significantly affect
surface fallout distribution., For such particles, empirical expressions
for drag force must be used, Calculations of particle trajectories have

been carried out by Nomenthl' 22.
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5. TURBULENT DIFFUSION OF PARTICIES

If particlee escape from thenuclear cloud by centrifugal force
as well as gravity, due to "centrifugal throwout" from the toroidal
circulation of the fluid, then the concentrat on of these particles,
immediately after leaving the cloud, would vary with distance from
the axis of the rising cloud. Their distribution, projected on the
ground, would increase with distance from the projected cloud center,
while if particles escaped under gravity slone, the distribution would
be nearly uniform over the projected cloud area. The intense turbulence
of the cloud suggests treating any non-gravitational dispersion of par-
ticles as a turbulent diffusion. How do particles "really'get out of
the cloud? Perhaps the question is meaningless. We propose to use the
language of turbulence, as more appropriate than that of laminar flow,

to model non-gravitational dispersion.

5.1 Geometrical Effect of Turbulent Diffusion

Suppose turbulent diffusion of particles is uniform over the
spheroidal cloud surface (a sphere before the cloud top has reached the
tropopauce; an oblate spheroid thereafter). Only radial diffusion
causes dispersion of particles from the cloud. Dispersion of narticles
ouv through the upper surface of the cloud can be neglected since par-
ticles so dispersed are either recaptured by the rising cloud or fall
back into the cloud after end of rise., Therefore, only dispersion
through the lower surface need be considered.

If particle flux density, Io’ is uniform over the cloud surface,
then its projection, I, on a horizontal plane varies with radial dis-
tance, x, for the projected cloud center as the ratio of arc length on
a cross section through the vertical axis, ds, to nrojected arc lengtn,
dx. If y is the vertical coordinate, then ds = \kdx)e + (dy)? so

that for a spheroid whose vertical cross section has the equation
2 2

= + IR = 1, we have

b

b

r

&

[+
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ds_ \[1 (x°/a%) (1-b° /a°)
ax 2,2
1-x"/a

Since the projected tlux density is proportional to-gg, it becomes

infinite below the periphery of the cloud, x = a,(neglecting diffusion
in the atmosphere, wind, etc ) A more realistic approach is to divide
the projection into say five concentric rings whose mid-radii are x/a =
0.1, 0.3, 0.9, 0.7, 0.9, The conrresponding relative projected flux
densities %; are, for a sphere, 1.01, 1.05, 1.15, 1.40, 2.2% and
for a 2/1 ellipsoid (such as the 5 MT cloud in Table w.l at 140 seconds)
1.00, 1.01, 1.04, 1.11, 1.44, Thus, the geometrical model predicts non-
uniform, radially increasing projected particle flux density. This is
the same effect attributed to toroidal circulation.

The total projected flux is equal to the flux density integrated
over rings of area 2n x dx, and equal to the total flux through the
lower half of the cloud. For a spherical cloud of radius, R = a = b, *

the demonstration is particulerly simple:

Total projected flux = f I(x)*2r x dx = ICIS—EOEH x dx =

2
Shal d? : ax = 2RI = total flux
o] \E - Xﬁ/RE o]

5.2 Turbulent Diffusion Coefficients

Turbulent diffusion coefficients as a function of particle size,
have been determined in a study7 of relative motion and coagulation of
particles in a turbulent gas.

The derivation of the diffusion coefficierts and other particle
parameters uses the similarity theory of turbulence and was suggested
by & remark of V. G Levich13 that for eny particle size there is a min-
imum eddy size which just contains the particle during & turbulent fluc-
tuation. (Exception: small particles below & certain size are runtained

# The symbol R is used for cloud redius in this section to distinguish
it from particlz radius, r.
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by all, even microscale eddies). Mean particle speed relative to fluid
is & maximum for this eddy size, since turbulent velocity increeses
with eddy size (aee Table 3.1).

By analogy with the molecular diffusion coefficient in kinetic
theory, the turbulent diffusion coefficient is defined as the product
of the mean free psth and the speed, reiative to the fluid, of the
particle, The tabie -~ diffusion coefficients and other parameters is
reproduced here (Ta..e 5.1). As indicated in the table, there are four
flow regimes, which apply to particles of increasing size, reading from
left to right. The mean speed of theparticle relative to the fluid in

the first, microscale regime is equivalent to that given by LevichlB.

7

In each of the other three regimes, the speed, q, is given by
Crp
where € is the dissipation rate, pp is density of the -srticulate

material, and drag coefficient CD is & specifie”d fu of Reynolds
nunber, Re = E%S' This equation for q was derived by vich for the

case CD = constant, and derived in Ref. 7 without thi reetriction.
In these three regimes, the forms Cj = 24/Re (Stcuies' law),
Cp = 24 Re™* (empirical) and Cp = constant were used, respectively.

The relaxation time, T, in each of the four regimes is given by

byo)
T ~T:—§3 where Stokes' law is used for Cp in both of the first two
D
regimes,

The mean tree path is qr, which equals the minimum eddy size con-
taining the particle for all but the smallest particles. The turbulent-
diffusion coefficient is qu. For the smallest particles, contained by
all eddies, the turbulent-diffusion coefficient is leas than the
molecular-diffusion coefficient, taken as nearly equal to kinematic

viscosity.
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Note that with increasing particle size, i.e., moving from left to
right in Table 5.1, kinematic viscosity becomes ever less importent, ap-
pearing raised to smaller ebsolute powers when the microecales xo,vo,to
(Table 3.1) ere expressed in terms of v and €. Finally, in the extreme
right column, v does not appear at all, except in the Reynolds number.
The expressions in this column, then, are pure inertial-range forms:
they apply to interaction of particles with eddies so much larger than
the microscale that the interaction parameters depend only on the dis-
sipation rate, for a given value of the ratio of particle density to
fiuid density.

Since there is a maximum eddy size of order f, somewhat less than
cloud radius R (Sec. 3.2.1), there is also a meximum particle size
for which containing eddies exist. The maximum relative speed for any
particle size cannot be greater than the large-scale turbulent velocity
J2E. Since q is one component of relative speed, then the maximum speed
is

/3q s /2E

The relative speed for large particles given in Table 5.1 is

q = (erpp/p)a, and € is defined by Eq. (2.3.9), where for a spherical
cloud £ = R. Substituting these values of q and € in the inequality,
we find

1 P
r< R de
3/2, b
3 K3 p
It is found empirically (App. D) that k3f~ .175, so that the maximum
contained particle size is at most
r <R gL
p

For still larger particles, the definition of a turbulent diffusion
coefficient does not make sense, since such particles cannot travel

several mean free peths within the dimensions of the cloud. At any rate
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their effective diffusion coefficient cannot be greater than that
formed from large-scale speed and leagth, VZE R.

5.3 Turbulent-Diffusive Fiux of Particles

The flux of particles through a unit area of cloud surface equals
the product of the diffusion coefficient and the concentration gradient
(as for any transport process). The gradient hes the units of concen-
tration per unit length., This length is taken es proportional to the
cloud radius (vertical radius when the cloud is an ellipsoid). This is
the same characteristic iength used in the cloud-model equations, Section
2.3. That is, the principle of Reynolds-number similarity, (Sec. 3.1) is
again used here: since we are dealing with a turbulent process, the
length is independent of fluid, (molecular) viscosity, or diffusivity.
This principle m&y not apply to the smallest particles mentioned above,
governed by molecular diffusion, but their diffusion rate, and falling
rate, are extremely small.

The flux through a unit area of cloud surface, then, is

n
IO = th - (5.3.1)

!

where n and D are the concentration and diffusion coefficient of par-
ticles of the given size, and kh is a dimensionless constant. The
value of kh is not specified, but by analogy with the other turbulent
transfer coefficients involving /) in the cloud equations, Section 2.3,
we estimate that

.10 = ku < .25,
The flux through the lower half of the cloud i1s then
S n
Cbt =5 kK DZ (5.3.2)

where 8§ i8 cloud surface area.

—




5.4 Gravitational vs Turbulent-Diffusive Dispersion of Particles

The total gravitational flux equeals the product of the horizontal
projected cloud area, the particle concentration (assumed uniform in
the cloud), and the particle falling rate, p.

& = uRznp (5.4.1)

For & spherical cloud, S = UR® and, substituting this in Eq. (5.3.2)

d’t 2D

5; =k, T (5.4.2)
So the larger the cloud the less important becomes particle dispersion
due to turbulent particle diffusion, relative to gravitational disper-
sion., The turbulent-diffusion coefficient for a given particle size in-
creases with turbulent-energy dissipation rate, and, therefore, with
yield and finally with radius, R, but such dependence does not signifi-
cantly alter the relative importance of turbulent and gravitational

dispersion established above.

5.4.1 Llarge Particles
Consider now particles of radius, r, so large that their drag coef-
ficient, CD’ in gravitational fall is constant. Then
%
8 rg °p
P~ ('5 ?; p) (5.4.3)
where Pp and p are partiole and fluid density, and (pp-p)/p ~ pp/p.
Such particles are so large thet they are also in a constant-drag-coef-
ficient regime with respect to intensely turbulent motion, (i.e., at
high dissipation rates). Then (see Table 5.1) the particle Reynolds

mmber is over 200 and the diffusion coefficient is




p h/3
D~ el/3 /3 <TF> (5.4.1)
Thus, taking l.SCD ~ 1, (as is approximts.ely valid for such Reynolds
numbers) and substituting Eqs. (5.4.3) and (5.4.4) in Eq. (5.4.2)

0 5/6 1/3
(r ;,B) 2 (5.4.5)
rgl/2

¢
t
~ k
&g L

The diffusion coefficient, Eq. (5.4.4), and therefore the turbulent-
to-gravitational flux ratio, Eq. (5.4.5), are only valid for contained
particles of sizes up to r~ Ro/p_ (See Sec. %.2), Substituting the
maximum diffusion coefficient,\/§§ R, and Eq. (5.4.3) in Eq. (5.4.2),
the flux ratio for oversized, non-contained particles is at most about

) 1/2
§~ kK, (% g-) (5.4.6)
g

Comparing Eqs, (5.4.5) and (5.4.6), it is seen that the flux ratio
increases with increasing r in the first equation and decreases with
increasing r in the e:cond. It is therefore a maximum ror the just-
contained particles., In terms of toroidal circuletion (reverting to

the language of leminar flow) it would be these just-contained particles
for which centrifugal throwout is most important. Smaller particles tend
to follow fluid streamlines and larger ones, to fall like stones,

For particles of the just-contained size, r ~‘Rp/pp, both flux
retios, Eqs. (5.4.5) and (5.4.6), reduce to

o, el/3 (1\.2>1/2
R
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where we have again used the definition of £, Eq. (2.3.9), and taken
the turbulent velocity /2E as approximately equal to rate of cloud
25

rise, u, But the Froude number ~ of the cloud, or ratio of inertial
to gravitational forces, is

Fr = ue/gR

and these forces are nearly in belance dusing the "steady' rise of the
cloud, i.e., Fr ~ 1 a8 i8 roughly confirmed by the first pe, of Table

2,1. Therefore the maximum flux ratio for any prrticle size, is order
unity

¢t.

3| ~F~1 (5.4.7) |

E
mBEX

Furthermorﬁ, fallout particles as large as Rp/pp, hardly exist. Taking 1‘
p/pp ~ 10", then even for a yield as low as 20 KT, this size is ‘

r~ 2.5 cm, teking R~ 250 m (Table 2.2).

5.4.2 Small Particles
The largest particles to whose motion Stokes' law can be applied
are of radius r ~ ko(p/pp)%. These particles are at the upper limit of
the "Stokes~inertial" size range7.
From pege 1 of Table 2.1, the viscosity of awr26, i, and the defin-
ition of kinematic viscosity, v = p/p, the microscale xo; (v3/8 )% is
of order 300 microns, and the limiting size r ~ ko(p/pp)4 is about

30 microns. The diffusion coefficient at this upper limit is

p
D=y -5‘3 (5.4.8)
while the falling rate fcr such particles is given by Stokes' law, L
2 p
.2rg p
P37 % (5.5.9)
]
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where agein (pp -p)/p ~ pp/p. Then the flux retio, substituting
r~>\.o(p/pp)l/u, end Eqs. (5.4.8) and (5.4.9) in Eq. (5.4.2) is

1/2

¢ 2 |
. ) (5.4.10)

v K, ———

% 9“ng0‘

Now we use the fact that (Sec. 3.1.5) deﬁfw'3/u end for the large-

scale 1ength,4£, teke cloud radius, R. Using also the definition of
Revnolds number Re ~ uR/v, Eq. (S 4.10) becomes

b,

_~ k _2) 5.4.11
o | Gelemt

8

As in Sec. (5.4.1), we substitute the value of the Froude number,
ud/gR = Fr - 1 in Eq. (5.4.11) giving for the ratio of turbulent-
diffusive to gravitational flux of smalil particles,

@, K 0y 1/2

= . L2

3, 9R——7§e1 p) (5 )

Now even for a low yield cloud (say 20 KT) Re ~ 167, while (p /p) ~ 10h

so that ¢>ﬁ® ~ 10 3/ , 1.e., this ratio is small. To be sure, for

these small particles gravitational dispersion is itself quite slow.




6. RESULTS AND CONCLUSIONS
6.1 Results

The TR-741 cloud model has been revised to take into account the
decay of iturbulent energy to heat., The rate of this decay per unit mass,
the turbulent-energy dissipation rate, is the governing parameter for
suall-scale turbulent motions. The model was shown to imply & nuclear
cloud energy cycle.

The problem of toroidal circulation ir the nuclear cloud has been
discussed, It 1s shown that if this circulation is to be represented
by & classical vortex-ring flow superimposed on the parcel-model cloud,
then the vortex parameters, in particular the circulation, nay be esti.
mated from the cloud model by taking vortex rotational energy as a given
fraction of the twbuliant energy, consistent with conservation of energy
and with turbulence theory. The resulting values of circulation are of
the same order of magnitude as those calculated from films of nuclear
clouds. Alternately, cloud circulation as & function of time may he
calculated directly from the model by adapting Kelvin's thecrem. This
approach is more consistent with nuclearcloud conditions since it does
not require an assumed steady state vortex form.

It is proposed that the centrifugal throwout of particles by the
vortex flow be represented by a turbulent-diffusive dispersion, using a
previcusly derived theory of turbulent motions. For both large and small
particles, the rete of this turbulent-difiusive dispersion 1s shown to
be small compared with the rate of gravitaticnal fallout.

6.2 Conclusions

The energy dissipation rate and small-scale turbulence parameters
can be calculated from the cloud model using twroulent similerity theory.
The modGel and turbulence theory can be used to specify vortex parameters,
if a steady state vortex form is to be superimposed on the cloud. The
model can also be used to calculite cloud circulation as a function of
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time without use of the superimposed vortex.

The iturbulent-diffusive flux of particles from the rising nuclear
cloud is small reletive to gravitational flux, and cen be ignored for
préactical purposes well within the accurecy obteineble from current
treatments of clowd rise end expension end fellout-particle deposition.
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APPENDIX A

REVISIONS TO THE TR-T4l CLOUD MODEL

£.1 Dissipation of Turbulent Kinetic Energy to ieat and Production of
Turbulent Kinetic Energy by Inelestic-collisiin Entrainment

Define the turbulent energy dissipation rate per unit mess as
op)3/2
€‘k3

where k3 is a dimensionless constant

E is the turbulent energy per unit mass

[ is a characteristic length

This definition is consistent with turbuleunce theory, (Sec. 3.1)
The following changes are required in the equaiions of TR-Thl.
Turbulent kinetic energy density, Equation (3.7) of TR-TLl:
(1) Subtract € from right side (corresponding to
assumption 6 of Sec. 2.3., dissipation of tur-
bulent kinetic energy)
(2) Add - % %’E
assumption 7 of Sec 2.3., conservation of total

to right side (corresponding to

kinetic energy in entrainment)

(3) Multiply first term on right side by 2 (this
corrects an error).
The revised Eq. (3.7) reads

2 2
dE T# uv u 1ldm ld
f-¥r¥ P e na t - h

<8

Temperature, Equation (3.UD) of TR-741, "dry" (unsaturated) cloud:
Add e/cp to right side, to obtain

T
chpa(T)dT
ar _ ™ . S 15 (T e
dt cpiT} Te* cp(T) m 4t cplTS
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Temperature, Fquation (3.WW) of TR-741 "wet" (unsaturated) cloud

£
Add /cg to right side to obtain:

2
1+ LE ﬁé
¢cRT
P e
g T¢ (4 X ) . l1dm e
c T ¥ (1 + R T) u+ | (x LP) C + (T Te) mdt ¢
aT __p e a P p
ét
1+L2(-:x
c R T2
Pa

the denominster allows for the increese in saturation vapor pressure
with temperature; some of the dissipated energy is absorbed as heat

of vaporization.

A.2 Cloud Form

A certain altitude Zrv the nominal height of the tropopause, is de-
signated such that the vertical cloud radius remains consvent after the top
of the cloud reaches the tropopause: r + z = Zype The corrusponding condi-
tion in "™R-Thl applied to the center of the cloud: z = Zp. Thus; in the
modified treatment, the cloud is a sphere until r + z = Zy and & horizon-
tally expending oblete spheroid with vertical radius r (zT) thereafter.

The theoretical justification is that the stability of the strat-
osphere restricts the upward turbuleut diffusion of the cloud top. The
practical reason considers viscous dissipation, i.e., transfer of energy
from turbulence to heat (Sec. 2.3., assumption 6); such energy transfer
leaves less turbulent energy available for late horizontal expansion of
megatcon clouds than in the TR-T41 model. The cloud=form modification
compensates for the effect of assumption 6 on late horizontal expansiomn
and on vertical oscillations, by lessening dilution of turbulent energy
by entreainment and starting exclusively horizontal expsnsion earlier.

The new computed cloud dimensions and velocities (Table 2.1) are now
about the seame as those in TR-TU4l (Table 3.1), which are in general

agreement with atomic cloud observations.
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A.3 Characteristic Velocity
It was thought at one time that the msan and turbulent velocities
should be added to give the characteristic velocity .

v = 2+’c‘E

This form has bzen discarded in fevor of v = max (|u|,2E) which gives
better agreement with observations of nuclearcloud heights and dimen-
sions, and is consistcn* with the rise of buoyant vortex rings.
(Section 4.1)

AL Environmentsal Conditions

(Appendix C.2 of TR-7h4l)

Relative humidity is now given by a table of values, one for each
1000-meter layer of the atmosphere up to 28,000 meters, and is taken &s
zero above this altitude. (In Appendix C.2 of TR-TUl, humidity was
given by a quadratic pnlynomial function of altitude.)

A.5 Revision of Volume Equation
Volume, Eqs. (3.5D) and (3.5W) of TR-Thl
To calculate change in cloud volume, V, the gas law, p = % Raq(x)T,
is used in the differential form
av _ 4T _ dq(x) _ dp

— = emems

v T alx P

Substituting
ag = |(1/e -1)/(1 + 1)2] dax
and using the gas law and the hydrostatic law,

A PN S VSIS Y
at ?[R‘Ta*u+Tdt+qx T+x dt*EaT]

This equation replaces both volume equations of TR-TUl. Change in q(x)
"wet" as well as the "dry" period.
The substitution of “he values of g% given by Eqs. (3.4) (see Sec. A.1)

iz not made explicitly as it is unnecessary for computation and makes the

is now taken into account during the

equation more complicated in appearance.
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APPENDIX B
ERRATA IN TR-Thl
B.1 Typographical errors
Thegse errata are typographical only. They do not affect derived
equations or the computer program,

Page
15 1lines 10-11 For "a unit volume of cloud"
Read "a volume Vl of cloud"
Eq. (2.3) Multiply left side and first term on right side
by V:L
Eq. (2.4) Multiply left side and first term on right side
by Vl
Eq. (2.4) Multiply right side by v,
1€ Eq. (2.2) Delete dt from right side
Eq. (2.8) For E, read 2 E_
17 Para.2, iine 4 For "environment" read "entrainment"
(1), 1line 2 For dz read dz,
18 Eq. (2.9) For 3¢ = o A ;-:;1- resd %= oA ;7:1
19 Eq. (2.11) Delete A
line 5 For { reed A
Eq. (2.12) Delete A
27 last line For pe,f'pe read p/pe

Eq. T Multipl T) b
30 Eq. for c (T) Ply cp(T) by x |
32 Sec. 3.5.1

Eq. for dV)m/V Insert minus sign before each dT)m

Eq. for dV)m Multiply right side by dz

35 Sec. 3.7

Eq. (3.7) Insért £ in denominator under u2v. For E, read E
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;
1
L

N /
: |
1
|
9
j 57 1lines 15-16 For Eq. (3.6),\ Sec.(3.6) '
Read Eq. (2.7}, Sec.(3.7)
’ 73 App. C.3
Eq. for m Replace ¢ by (1-¢)
81 1line 2 For "the column" read "ten column" i
B.2 Errors affecting the clcud model |
page
19 Eq. (2.12) For k, read 2k,
35 Eq. (3.7) For k, read 2k,
36 Eq. (3.7A) For k, read 2k,
|
The corresponding correction in the computer program is !
i1
87 Statement 555. Multiply right side by 2.0. i
1
For the revised Eq. (3.7),see App. A.l. For the revised computer pro- ,
gram, see App. F.
! [
I
|
68
i
8y
R £ Y
POPIOIN.. S N A 7 B o 1




-t

APPENDIX C

SYMBOLS USED IN THE REPORT

C.1 A Note on Notation

This report uses hydrodynamics, thermodynamics and meteorclogy.

These fields use the same symbols for different quantities; consequently,
any notation used must viclate some usage. For example, in meteorology
x and w are used for racios of water vapor and condensed water mass to
dry air mass, respectively. But in hydrodynemics, the velocity compon-
ents u, v, w correspond to the coordinates x, y, z. Since z is the
usual symbol for the vertical coordinate, as in dp = - peg dz, incon-

sistency cannot be avoided.

C.2 List of Symbols used in the present report

a horizontal semi-axis of cloud, or
acceleration, or
vortex cross-section radius

b vertical semi-axis of cloud

CD drag coefficient

Cp specific heat of gas at constant pressure
D turbulent diffusion coefficient

E turbulent kinetic energy per unit mass

g(k) turbulent kinetic energy per unit mass per unit wave number

£ energy dissipation rate per unit mass

Fr Froude number

f fraction of explosion energy, W, contained in fireball at
start of rise

g acceleration of gravity

H enthalpy

Io turbulent-diffusive particle flux density

I horizontal projection of I°

X, empirical constant (in eddy viscosity)

k empirical conctant (in dissipetion rate)

w
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q(x)

= o

ﬁd’ii

<

empirical constant in turbulent diffusion

Boltzmenn's constant; or
wave number 1/A

/N,

latent heat of evaporation of water
characteristic large-scale length

mean molecular weight of air

nass of cloud

concentration.of perticles of a given size

pressure, or
particle falling rate
l+ x@

ratio of virtual to actual temperature, T+ x

universel gas constant

*

gas constant of ailr = a—-
a

weighted mean value of gas constent = Ra 11+ r

Reynolds mumber

radius of cloud, or
particle radius

X/e

x

surface area of clioud
curvilinear coordinate

temperature, or
vortex energy

virtual temperature, i.e., Tq(x)
time

vertical velocity, or
large-scale velocity

volume of cloud

characteristic velocity, v = max (|ul, V2E ); or
turbulent velocity

total explosion energy (kilotons)
length coordinate
vertical coordinate
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A —

M

— ————— ‘!‘
P ratio of gas density to total density of cloud = 1 1‘ ; -
r circulation
< ratio of molecular weights of water and air = 18/29
€ energy dissipation rate per unit mass
X vortex circulation
A empirical constant (in entraimment rate) or

eddy size
7! viscosity
v kinematic viscosity (u/p.)
(o} density
T relaxation time of accelerated particle, or
local transfer time of turbulent energy
(30 radial coordinate of vortex ring
® total particle flux
SUBSCRIPTS
a air (dry air)
e ambient (enviromment) conditions
4 gravitational
h horizontal (radius of cloud)
o Kolmogorov microscale valuesj or
initial values
P particle, or
constant pressure
t turbulent
va.ues for eddies of size A
T1
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APPENDIX D ‘
DIMENSIONLESS PARAMETERS USED IN TJE CLOUD MODEL

The dimensionless parameters A, k2 and k3 appearing in the cloud
model (Bec. 2.3) are empirical, although intuitive arguments can be made
to derive some particular values (e.g., » = .25, see pp. 17-18 of Ref. 1).

D.1 B8ensitivity of cloud variebles to the dimensionless parameters
The maximum rate of cloud rise depends mainly on k2.
The maximum height of cloud center depends mainly on A.
The late horizontal radius of the cloud (if it reaches the tropo-

pause) depends almost entirely on k3.

D.2 B8uggested numerical values of the parameters {
Values of the parameters found to give good agreement of the cloud |
model with observed cloud heights and diameters as functions of time
are:
AN e 0,2, Tais is the value given by G. I. Ta.ylorh in the earliest
discussion of nuclear cloud rise. In Taylor's report, however, the
entrainment equation corresponding to Eq., (2.3.4) had the additional
factor T/T  on the right side. See discussion in Sec, 2.6.1 of Ref,
1. S8ensitivity of A: 0.25 is too large; 0.15 is too small,

k2 = 0,1 For a sphere, a given value of k2 corresponds to a value
for the drag coefficient of Cp = 16 k2/3. See Eqs. (2.13) and

(2,15) of Ref. 1. Thus, k., = 0.1 is very nearly equivalent to

CD = 0,5, Sensi.ivity of k2: 0.125 18 too large; 0.075 is too small.

¢ 0.25 i8 too large, 0.125 is too small.

k3 = 0,175. Sensitivity of k3

12




APPENDIX E

Symbol Symbol
in in
Printout Text*

GLOSSARY OF COMPUTER PRINTOUT SYMBOLS

Comment

ST t
U u
f X x
i T T
R r
}‘ y/ 2
EK E
k ’ v v
WT v
i' TE T
e
M m
ES e‘
B P
X/€
™ pl+xe
2
u v T#
B i
*
k2TTe
EPS €

Output Symbols, in order of printout

After SWITCH TO ELLIPSE R refers to hori-
zontal radius, vertical radius remaining
fixed

Saturation water vapor pressure at T.
Values of ES printed for T>373 have no
physical significance

partial pressure of water vapor in cloud

rate of loss of kinetic energy of rise
due to eddy viscosity, per unit mess

turbulent energy dissipation rate per unit
mass

*Sonie of these symbols appear only in Ref. 1, not in the present report.
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Symbol Symbol
in in
Printout Text

Comment

Parameter Symbols, in order of printout

DST

K2
LAMEDA
W
F
PHI
TEO T
CHANGE

. £ >

3

D8T2
BO, Bl. B2

DST1

AL A2, A3, Ak &,0;,0,,0)

21, 722, 23 zl”2”3
PO P,
ZT

DO, D1, D2
™

Runge-Kutta step size between t =« O and
t=1

Sea-level temperature

Value of ST after which Runge-Kutta step
size changes to DST2

Runge-Kutta step size when ST > CHANGE

Coefficients of quadratic polynomial in
T for cpa.

Runge~Kutte step size for 1 < ST < CHANGE

Option in program. K = 1, 3 select the
"alternate" equations, (See TR-Thl). K = 1,
2 select the characteristic length [ = r.
K =3, 4k select [= 100, This last value
of L 1s in a duwmy equation in which some
other value of /, such as a Mach-number
correction, can be inserted.

Lepse rates in the I layers of the atmosphere
Dividing altitudes of the L-layer atmosphore

Sea level pressure

Altitude such that if R + Z > ZT (SWITCH
TO ELLIPSE) cloud vertical radius remains
constant (nominal height of tropopause)

Coefficients of quedratic polynomial in
T for cp'.

Freezing point used to select value of L
(after SWITCH TO WET)

T4




Symbol Symbol
in in Comment
Printout Text
c3 k3
J PRINT End time of computation
RK3 If RK3 = 1, the momentum equation contains
the initiel virtual mass factor., If RXK3 = O
this factor is omitted.
RLH Percent relative humidity in 1000-meter
layers of the atmosphere, in ascending

order.




Y
1"

T
N

.
T

APPENDIX F R
COMPUTER PROGFAM FOR THE CLOUD MODEL J
The followiig FORTRAN II computer program for the cloud model is

the same 48 that given in TR-Thl, except that

(1) 1t incorporates the modifications given in Appendix A,

(2) the Runge-Kutta integrator, SUBROUTINE RKGILL, is now written

in FORTRAN II like the rest of the program, instead of FAP,
as in TR-TLY,

The program ccmputes cioud center height, rate of rise, temperature,
turbulent energy divsipation rate, etc., &8 functions of time., It gives
& complete numerical solution of the set of differential equations given
in TR-T41 with the modifications given in App. A of the present report.

The program was originally written by David Hutchinson of CEIR, Inc.
and revised by J. H. Crawford¢ and D. C. Galant** of this Laboratory. i

Puncning the Input Data Cards

All the input data required by the program is read from & set of
six cards; see the table below, The input data words on cards 1-5 of Y
an input card set are punched as decimal nunbers, seven words in the il
first consecutive ten column fields per card, Card 3 has an eighth
data word which is punched &s an integer in column 71. Card 6 of an
input card set has a different format which is specified in the table,

The program expects to process consecutive -nput data car. sets.
It halts computation and calls EXIT when it reads a card 1 of an input '
data card set which has & negative decimal numbar punched in the third
word, i.e., data word named T. When consecutive input data card sets
are read by the program, only card 1 and those date words on the other
cards which differ frou the preceding input set need be punched. The

* Now at Computer Usage Development Corp., Palo Alto, Celifornia
** Now at NASA Ames Research Center, Moffett Field, California
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program tests each input data werd; and if it has not been punched,
replaces it with the corresponding date word of the previous input data
get. This means the initiel input data card set and card 1 of each set
must be punched completely, and the program interprets (internclly) un
unpunched input data words as 'negative" zeros. The six date cards

are punched as follows:

Cols 1-10 11-20 21-30 31-40 M41-50 51-60 61-70 71-80

Card 1 4] RK3 i PO Z EK DST

Card 2 K& A C1 c2 W F 6

Card 3 TEO CHANGE DST2 BO Bl B2 DST1 K (must be
in col 71)

Card 4 A A2 A3 Al Z1 z2 Z3

Card 5 ZT DO 01 De TF K3 FRINT

Card 6  Columns 1-8, 11-18, etc., up to 61-68, Two digit values of
percent relative humidity for 1000m layers of the atmosphere
up to 28000m. Zero values mey be omitted.

Parameters Cl and C2 are not used.



* FORTRAN CLOUDRISE

C PROGe 31004 CEIRs Jo CRAWFORD (CLOUD RISE)}

CLOUDRISE PROGRAM MODIFIED BY N C GALANT 25 APRIL 1965

C MODIFIED 7/16/65 TO PRINT THE ENERGY DISSIPATION RATFE DC GALANT
C MODIFIED FOR FORTRAN INTEGRATOR RKGILL 26 MAY 1945

C THIS IS THE MAI~N ROUTINE

DIMENSION PAR({37)+sA(37)sDVBLI{B)sVRL(8)IRKGI(8)

COMMON Ay DWTsORMsDUDXsDT DV D2 sDEKs SMALLTsDVBLsTEsP eP34P1yP24sN;

1 TEL1sTE2+TE3SEDINZTHIRZT+RK3,»QI » VBL

COMMON EPS

FQUIVALENCE (VBL(1)sWT)s(VBLI2)sRM}IVBLI3)sUsA(1)) s (VRAL(4L4)IXsAL2)
Yo {VBLIB)osToAlI3Y ) o (VRLIG)sVeA(L)) s (VBLIT)IIZsA(S5))s(VBLI(B)IEKsA(S)
Yo lA(T)sDSTYs [AIBIIRK2) s (AL )9sRLI»(A(10)9sCY)Io(A(T1)sC2)slA(12) W)
s (ALL3)sF) s (AT14)sPHIY 2 (AL1S)sTEO)» (AL16) s CHANGE) s (A(17)405T2)
(A{18)B0) s (A(19)9BYI) e (A(20)eB2) s LA(21)9DSTL)e{A(22)sK)s(A(23))Al
Yo lA(24)4A2) s (A125)3A3) 9 (A(26)sAL) o (AI2T) 9215 0¢A128)022)0(A(29)
23)9(A(30)sPO) s lAL31)92T)e(A132)sD0)s(A{3)sD1)s(A(34)sD2)
(A(35) s TF)o{A(36)9C3)9(A(3T7)sPRINT) I (DVBLI1)IDWT)s(DVBL(2)9sDRM),
(DVBL(3)sDU)» (DVBLI4) sDX) s {DVBLIS5) sDT) s (DVBLI6)sDV) 9 (DVBL(T7)»DZ)

(DVBL(8)sNFK)
DIMENSION RLH (28)
DIMENSION IRLH (28)

D® NP WD -

COMMON RLH
PRINT 9999
9999 FORMAT(1H1)
C INPUT THE INTTIAL CONDITION: OLLOWED BY DST AND PARAMETERS

1 READ 19 (PAR (1)s I = 14 7)
19 FORMAT (7F10,0)
C IF T=PAR(3) IS NEGATIVE IT 'S A SIGNAL TO STOP
IF{PAR(3))18,444
18 PRINT 9999
CALL EXIT
4 READ 19009 (PAR (I)s I = 8y 29)s (PAR (1)y 1 = 31y 37)
1900 FORMAT (7F10,0/7F10s0511/7F100/7F104a0)
DO 3 1 = 1, 37
C iF FIELD IS BLANK USE LAST PARAMETER VALUE INPUT
IF{PAR(T1))243%+2
B 33 DsPAR(1)420140000CH00
IF(D} 24292

2 A{I) = PAR(I)
3 CONT INUE
RK3=X
PO = V
C INPUT THE RELATIVE HUMIDITY. 704 AND 7094 PROGRAMS.

READ 1901, (PAR (I)s I = 1y 28)
1901 FORMAT (7(4F2.0s 2X})
DO 1905 I = 1, 28
IF (PA% (1)) 1904, 1903, 1904
81903 IF (PAR (1) 4 201400000000) 1905 1904s 1904
1904 RLH (1) = PAR (1)
1905 CONTINUE
C PRINT THE PARAMETERS
PRINT 17+ (A(I)s I = Ty 37)s RK3
17 FORMAT (5H1DST=FBe5+5H K2=F10e7:74 LAMBDA=F10e655H C1=F 9,745H
2C22F11e794H W=E10e334H F=F124896H PHI=F 744/
3 THO TEO=F1Ne6s9H CHANGE=FTe337H DST2=F10e495H BO=F1la2 »

'8




5

1999

1910

2
2
{ C
C
C
99
1
2
¢
8

4 SH Bl=zFlle49s5H B2=E12e49s7H DST1aFTelstH K=11/6H0 Al1=FB8s5s

5H A2=FBe5¢5H A3=F8,595H A4=FB4595H 212FB4095H 2Z22=FB840+5H 23

62FBeCo''H POsF9.0/6H0 ZT=FBs0sS5H NO=FBe195H D1sFB8,s5945H D22F10.
78+5H FuFBe195H C3=FBeH9BH PRINT=F6.196H RK3I=F441/1HO)

DO 1999 I = 1, 28

IRLH (1) = RLH (1) + 0.5

PRINT 1910, (IRLH (I)s I = 1, 28}
FORMAT (7H RLH = TCL12, 2X))

SMALLT = O

DWT=0,

DRM=0,

DU=0,

DX=04

DT=0,

Dv=0,

D2=0,

DEK=O04

TOs=T

TESTED

TE1=TEO=Al1#21

TE2=TE1=A2%#(22-21)

TE3=TE2=~-A3%(23-22)

XX829,8/287,

PlsPO®(TE1/TEO)#*®(XX/AY)

P2eP1#(TE2/TE1 ) #%(XX/A2)

P3=P2#(TE3/TE2) %% (XX/A3)
RMACEPHI%FR¥WR44,18E12/7(BO*(TO=TED)+B1/2.% (TORTO=TEO#TED)

+82/3. #(TOXTORTO = TEORTEO®TECR))
RMWOB(14=PHI ) #FX¥WH4o18E12/( DO #(TO=TEO)+ D1/2+%(TORTO=TEO#TED )+
D2/3. #(TORTORTO=TEO#TEO*TEO)+2500000,)
SET INITIAL CONDe FOR X
X = RMWO/RMAD
SET INIT{AL FOR V

PesPO*{ (TEO=-A1#%#2Z )/TEO)##(XX/Al)
Va (RMAO+RMWO ) %287 #TOR(1,,429,%X/18e)/ (P%({1e X} )

SET INITIAL CONDe FOR R
R2{3.%V/1245663706)%#%#,3333323333

RMeRMAO+RMWO
QlugSHRMETR (180429 X )R (144 XE)/(TER(18e+29e%#XE)R(10+)))
N=1

WT=0,

R2Tx=1.0

PRINT 99
FORMAT(2Xs2HST s4Xs1HUSSX 9 IHX e 7TX91HT 96X s 1HR o TX s 1HZ 06X 9 2HEK 9 4X 9 1HV»

BX 9 2HWT 94X 3 2HTE 95X 1HMs 1 1 X9 2HES o TX01HP 95X 0 2HPWs5X 9 2HED»
4X 93HEPS)
PRINT INITIAL CONDITIONS

GO TO 35

PU=y

PX=X

PT=T

PZ=7

PEK=EK

Pv=y

PRM=RM

TAKE A RUNGE=KUTTA STEP
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CALL RKGILL(VBLs DVBL9s RKGs DSTs 8)
SMALLT = SMALLT + DST

C TAKE SMALL STEPS INITIALLY
IF(SMALLT =1.0)8+87+88
87 DST«DST1
88 IF(RZT)BB8,894+89
89 RaSQRTF( 3, %Y/ (RZT#12,5663706))
EPS ® CAR(2,#FK)#%],85/R2T
GO TO 35
888 R2(3:%#V/1265663706)%##%#¢333339333
EPS & C3#(2,#EK)##]1.5/R
35 PWaP#X%#29,/(18¢ +29e%X)
ESe611e# (T/273e )88 (=513 )%EXPF((25e%(T=2T734))/T)
11 PRINT 16
1 SMALLT sUsXsToReZsEKsVIWTSTESRMIESsPyPWIEDEPS
16 FORMAT(F6o19F60l19F 70t 9FT7019FBe0sFT7e0sFT7¢091PEGe23s0PFT7oaloFbels
1 1PE9e¢29s0PFO.0sFBe0sFT7e09FB8e39iPEGL2)
C N=ls DRY MODE N=2, WET MODE N=3, SMALL STEP DRY MODE
IF {N=2) 150y 154 1531
1%0 IF (ES-PW) 15251524151
182 SAVE=DS?
DST=0e5
C RESTORE VARIABLE VALUES AT START OF LAST STEP
SMALLT = SMALLT-SAVE
UsPU
XsPX
T=PT
Z2=P2
EX=PEK
"2 14"
RM=PRM
N=3
C NOW TAFXE SMALL STEPS UNTIL ES LESS THAN PW
GO T0 8
1331 IF (ES=PW)&41+4148
41 DSTaSAVE
N=2
PRINT 77
77 FORMAT(14HOSWITCH TO WET)
GO T0 15!
154 IF{WT+,0000n0001) 15341534151
153 N=1
WT=20,
DWT=0.0
PRINT 66
66 FORMAT (14HOSWITCH TO DRY)
C IF RZT IS POSITIVE WE ARE IN ELLIPSOINDAL MODE
151 IF{RZT)IS50,1511+1511
C SWITCH TO ELLIPSOIDAL IF Z LARGER THAN 27
CHANGED 2% APRIL 1965 TOP OF CLOUD AT TROPGPAUSE DCG
50 IF{(Z + R = 2T) 1511, 51, 51
51 R2ZT=R
PRINT 52
52 FORMAT(24H SWITCH TO ELLIPSEs R=RH)
1811 TFISMALLT ~CHANGE) 1449 15414
15 DST=DST2




14
20

210
211

13

CONT INUE

IF(ABSF(T)=10e) 1+20,20

IF{R=14) 152121

1F (SMALLT -1041)22+2104210
IF(ABSF(DU)#DST=61)211y 22y 22

IF(ABSF{U)=41) 1,422,222

IF (SMALLT -PRINT)I13y 13, 1
1F{Z2=10000,%#WH%,25)8,8s1
END{(0+0+04050}
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C
C
C
C
C

SUBROUTINE RKGILL
{ VBLs DVBLs RKG, H» NNN)
FORTRAN RUNGE~KUTTA-GILL INTEGRATOR FOR CLOUDRISE EQUATIONS
DC GALANTY 27 MAY 1965 158 DEC STORAGE
DIMENSION VBL(99)s DVBL(99)s RKG(99)

OMMENCE THE INTEGRATION OF THE CLOUDRISE EQUATIONS

CALL DERIV

DO 2 J = 14 NNN

VBLIJ)Y = VBL(J) + +5#H*DVRL(J)

RKG(J) = DVBLI(J)

CALL DERIV

DO &4 J = 1, NNN

VBL(JY) = VBL(J) + 429289322#H#(DVBL(J) = RKG{J))
RKG(J) = 588T78644%DVBL(J) + ,12132034%RKG(J)
CALL DER1V

DO 6 J = 1y NNN

VRBL{J) = VRL(J) + 17071068%H*(DVBL{(J)=RKG{J))
RKG{J) = 2.41321356%DVBLI{J)= 4.1212203%#RKG(J)
CALL DER!V

DO 8 2 = 1s NNN

VBL{J) = VBL(J) + 21666666T#H*(DVBL(J) = 24#RKG(J))
RETURN

END ( 09140404+0)
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80

81
82

83
84

85

a8

35

70

1

VO NPRNE DN

1
2

FORTRAN
SUBROUTINE DERIV
VERSION OF NDERIV TO BE USED WITH RKGILL
DERIV WITH CHANGES OF 11/1/65
DIMENSION PAR(3T7)0A(37)sDVBLI(8)sVRL(8) sRLG(8)
COMMCN As OWTsNRMyDUSDXsDT oDV INZ 9 NEK s SMALLT9DVBLTE P sP3I9P1sP2sN»
TELSTE29TE3+EDeNZTHRZTHRK3+0QI » VBL
COMMON EPS
EQUIVALENCE (VBLI1)oWT)s(VBL(2)oRM)s(VBL(3)sUsA(L1))elVBLIL)IXsA(2)
Yo UVBLIS)eTsAl3) ) (VBLIE)sVeA(4)) o (VBLIT)IoZoAIS))e(VBL(B)IEKIALS)
PolA(TIoDST)Io(A(B)sRK2)Y o (A(9)sRL) 9 (AL20)oCIYo(A(1Y)9C2)p(AL12) W)
s{AL13)oF) o (Al14)sPHIN s (AC1I5)sTEO) 9 (A{16)sCHANGE) 9 (A(17)sDST2),
(A{18)9BUY s (A(19)eB1)s(A(20)9B2) o {AI21)sDSTIIo(A(22)9K)s(A(23) AL
Yo (AC24) 0A2) s (A(25) A3 9 (A(26)0AL) o (A(2T) 02110 (A(28)022)9(AL29))
Z3)1o(A(30)sPO)s(A(31)92T)»(A(32)+D0)elAI33)eD1)s(Al34)eD2),
{A(35)2TFIo(A(36)9C3)o(A(3TIsPRINT)»(DVBL(1)sDWT) o IDVBLI2)sDRM)
(DVBL (3} DU s (DVBLI&)sDX) o (DVBLIS)sDT) s (DVBL(6)sDV) s (DVBLIT) 4D2) s
(DVBL(8)+DFK)
DIMENSION RLH (28)
COMMON RLH
DZ = U
COMPUTE TE AND P
XX29.8/287,
1F(2-21)80+80981
TE=TEO-A1#2
P=PO®(TE/TEQ) #*#(XX/A1)
GO 70 89
IF(2-22)82+82+83
TE=TE1-A2#(2-21)
PsP1#{TE/TE1)#*#{XX/A2)
GO TO 89
1F(2=23)84484+85
TE=TE2=-A3R(2-22)
P=P2#{TE/TE2)##(XX/A3)
GO TO 89
TE=TE3=A4%(2-23)
PaP3%#(TE/TEY) #%#(XX/A4)
CONTINUE
FIND THE RELATIVE HUMIDITY. (704 AND 7094) JC

62 L = XMIN1F (2 / 1000.,0 + 1.00000s 28,5)
36 XE = 109.98 # RLH (L}

H(TE/2T73e) %% (=8,13)#EXPF((25%#{TE=2T734)}/TE
Yy/7(PR29,)
CPATSBOR(T=TF)4B1/2#(THT=TFRTE)4+B2/3¢% (THTHT=TEXTEXTE)
CPWEDO 4 D1#T + D2#THT
CP=(BO+B1%T4+B2# THT + X#CPW)/(X 1)
QXEm{ 1e+XE)/(1e+29,#XE/184)
QX=2(10429e%X/18e)/(2e+X)
QT=T/TE
IF(RZT)35,70+70
Rx(3e%V/1245663706)%%,333333333
SVs3./R
RLL = R
GO TO 49
R=SQRTF(35.%Vv/(RZT*12,5663706))
ECCsSQRTF(R%#R-RZT#RZT ) /R + 1.0E 15
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SVE141415026% (2, #R*R+RZT#RZT* LOGF((1e+FCCI/(1s=ECC}}/ELC)/IV

RLL = RZT
49 JeK
EPS = C3 & (2, ® EK) #% 1,5 / RLL
Q7 = MAX1F | ABSF (U), SORTF (2,0 # EK))

GO TO (50450+51+51),4J
50 IF (RZT) 53, S54» 54
53 R2 = R
GO TO 852
%4 R2 = R2T
GO TO S2
31 R2=100.
52 GO TO (605619609614 J
60 DRM nSVEQT#(1e+29,%X/18.)#T * RL ARMEQXE/((1o+X+WT)#TE)
0Q=1.0
GO TO 621
61 DRM s SY # RM # Q7% RL
Q0 = QTROX#OXER(1e+X) /(1o +X+WT)
621 DU 8({948%#( QTHOAX # (1e#X)/(1e+X+WT)RQXE = 1)
2 -(QQ*Q7 #2,%#RK2/R2 + DRM /RM) #)#
3 (RM+QI#(1e=RK3))/(RM+QI)
MeN
GO TO (10041019100),M
100 DX s=(le+X) #(X=XE)*DRM J(RM® {1 ,+XF))

DT =-QX#QT*#9,8%#U/CP #* QXE CPAT*DRM /(CP*RM)
1 + EPS s CP
C RK2 1S K29 RL IS LAMBDAy RM [S M
DV = VH#(DRM/RM4DT/T+9.8%U/(287#QXEXTE)+(294/184e=14)4%DX
1 7(QX®(1aeX)R22))
GO TO 555

C THIS IS THE WET PART
101 Q01 = le¢ + X#29,/18e¢
IF(T=TF)102,103,103
102 CL=2.83E6
GC T0 104
103 CL=2.5E6
104 CLEX/( 2B7e%T )
18.%#Q2/1 T#29. )
le + Q2
le+ CL®#Q3/CP
CL*{X=-XE)/CP + T-TE
DT s (=QX*QT#9,8%Q4*y/CP *QXE Q6%#DRM /RM)/QS8
1 + EPS 7(CP%Q5)
nXx = Q1%#(Q3#DT + 9,88X*U/(287.*TE) *QOXE)
DV & VE(DRM/RM+DT/T+9.8%U/ (28T« #QOXERTEN+(294/186=14)#DX
1 Z7(QX#(1atX)RR2))
DWTY R 1o+ X+WT)I®(WT4+X=XE)*DRM /U(1a¢XFi#RM) = DX
555 ED=RK2# URY®Q7 #QQ/R2 #2,0
DEK = ED = ( EK = U*U/2.) *# NDRM/RM
1 - EPS
RETURN
END (090+040,0;
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